We have measured the effect of heat shock on three mycoplasmas (Acholeplasma laidlawii K2 and JAl and Mycoplasma capricolum Kid) and demonstrated the induction of mycoplasma heat shock proteins under these conditions. Increased synthesis of at least 5 heat shock proteins in A. laidlawii K2, 11 The heat shock response has been found in every organism which has been studied (see references cited in references 2, 13, 14, and 21). It is characterized by synthesis of a group of specific proteins in response to a sudden temperature increase in the environment of the organism. The major heat shock proteins have been highly conserved during the evolution of procaryotes and eucaryotes (see references cited in reference 32). Other types of environmental stress also induce synthesis of some or all of the heat shock proteins (e.g., see reference 35).
The heat shock response has been found in every organism which has been studied (see references cited in references 2, 13, 14, and 21). It is characterized by synthesis of a group of specific proteins in response to a sudden temperature increase in the environment of the organism. The major heat shock proteins have been highly conserved during the evolution of procaryotes and eucaryotes (see references cited in reference 32). Other types of environmental stress also induce synthesis of some or all of the heat shock proteins (e.g., see reference 35) .
Mycoplasmas are the smallest free-living cells (18) . They arose by degenerate evolution from a branch of the eubacterial phylogenetic tree containing gram-positive eubacteria with DNA having low G+C contents (16, 29, 37, 39) . Therefore, mycoplasma evolution from eubacteria must have involved a significant loss of genetic information (16, 29) . Mycoplasma genome sizes fall into two ranges (for a review, see reference 28): 1,500 to 1,700 kilobase pairs (kb) (about one-third of the genetic capacity of Escherichia coli) and 700 to 800 kb (about one-sixth of the genetic capacity of E. coli). The latter genome sizes approach the theoretical limit for the minimal amount of genetic information in a free-living organism (19) .
We have investigated whether mycoplasmas have heat shock proteins, i.e., whether the apparently universal heat shock response has been conserved during the genome reductions accompanying mycoplasma evolution. In this report, we describe studies of the heat shock response in Acholeplasma laidlawii K2 and JAl, with genome sizes of 1,646 to 1,719 kb (26, 27) , and Mycoplasma capricolum Kid, with a genome size of 724 kb (27) .
MATERIALS AND METHODS
Cells, virus, and media. A. laidlawii JAl and K2 and M. capricolum Kid have been described previously (7, 15, 30) . A. laidlawii was grown in tryptose medium and assayed as CFU on tryptose agar plates (7), and M. capricolum was grown in mycoplasma broth base medium and assayed as * Corresponding author.
CFU on mycoplasma broth base plates (6) . Acholeplasma virus L2 was grown and assayed as PFU on A. laidlawii host cell lawns (23) . E. coli JM101 (40) was grown in LuriaBertani medium (31) .
Temperature shift. Although the mycoplasmas used in these studies have optimum growth temperatures of 37°C (4) , to have at least a 10°C increment between incubation temperatures before and after shift up, cells for heat shock studies were grown at 32°C to an A610 of 0.1, corresponding to about 108 CFU/ml (33) . The doubling time at 32°C of the mycoplasmas used in these studies was about 140 min. Samples (1 ml) were then shifted to a higher temperature to induce a heat shock response or kept at 32°C as a control.
For studies using E. coli, an overnight culture was diluted 100-fold in fresh broth and grown at 32°C to an A610 of 0.25, and 1-ml samples were shifted to 42°C or kept at 32°C as a control. High-temperature survival curves. Cultures were grown at 32°C, and 1-ml samples were shifted to higher temperatures. To measure cell survival at each temperature, 0.1-ml samples were removed at various times, immediately diluted 10-fold in cold liquid medium, and placed at 4°C until plating. Samples were taken immediately prior to the temperature shift up (zero time). After cells were plated, the plates were dried and incubated at 37°C for 4 to 5 days. Cells were then assayed as CFU.
Protein labeling. To obtain high-specific-activity labeling in the presence of competing mycoplasma medium components, labeled amino acids were concentrated by lyophilizing 50 ,Ci of an L-14C-amino acid mixture (Amersham Corp., Arlington Heights, Ill.) in a sterile 10-ml glass vial. These vials were then capped and stored at 4°C until used.
Labeling was begun at various times after the temperature shift up by adding 1 ml of cells to a prewarmed vial containing an L-14C-amino acid mixture to a final activity of 50 p.Ci/ml. After To assay radioactivity incorporation into nascent proteins, macromolecular material was acid precipitated by adding 5 [L1 of a lysed cell sample to 5 ml of cold 20% (wt/vol) trichloroacetic acid. After 30 min on ice, precipitates were filtered, dried, and assayed for radioactivity (8) .
Gel electrophoresis. Nystrom et al. (24) investigated several sodium dodecyl sulfate-polyacrylamide gel systems and found optimal separation of A. laidlawii proteins with the discontinuous buffer system of Neville (22) . This protocol, as adapted for slab gel systems by Johansson (10) , has been used. Following electrophoresis, gels were fixed, stained with Coomassie blue, and destained (10) . Gels (20) and one of the highly conserved heat shock proteins (for which antibody was available), was investigated. Proteins from heat-shocked and control mycoplasma and E. coli cells were separated by polyacrylamide gel electrophoresis, Western blotted, and probed with antibody to E. coli DnaK protein (Fig. 2) . The 68-kDa heat shock protein in A. laidlawii JAl and K2 showed strong cross-reactivity to the E. coli DnaK protein.
The amounts of anti-DnaK antibody bound in the A. laidlawii and E. coli samples were similar in both control and heat-shocked cells, indicating that this protein is synthesized constitutively in both organisms.
The 67-kDa protein band in heat-shocked M. ccapricoluim cells bound anti-DnaK antibody, but much less intensely than the A. /aidlawvii 68-kDa heat shock protein did (Fig. 2) .
Either there is less cross-reactivity between the E. coli DnaK protein and the M. capricol/in 67-kDa heat shock protein than between the DnaK protein and the A. laidlaivii 68-kDa heat shock protein or the major 67-kDa heat shock protein band in M. capricolium represents more than one Heat shock and mycoplasma virus growth. Mycoplasma virus L2 was used to investigate other aspects of the heat shock response in A. laidlauwii host cells. L2 is a temperate mycoplasma virus containing a genome of circular, doublestranded DNA of 11.8 kb (see references cited in reference 17).
Since progeny virus production is increased when coliphages are grown at high temperatures on heat-shocked host cells (36, 38) , similar experiments were carried out with mycoplasma virus L2. However, no measurable difference was observed between L2 progeny virus production resulting from infection of A. laidlawii control cells at 32°C and that resulting from infection of heat-shocked A. laidlawii cells at 42°C (data not shown).
Inducers of the E. coli SOS DNA repair system also induce many heat shock proteins (12) . To Two particular heat shock proteins, at 66-to 68 and 26-to 29 kDa, were found in the three mycoplasmas studied. In procaryotes and eucaryotes, the major 69-to 70-kDa heat shock protein has been conserved in both nucleic acid and amino acid sequences (1, 2, 9, 13, 14, 21, 32 ). This protein is the DnaK protein in E. coli. DnaK is necessary for phage DNA replication, but its function in uninfected cells is unclear (5, 20, 34) . The finding that A. laidlawii and M. capricolum 66-to 68-kDa heat shock proteins cross-react with antibody to E. coli DnaK protein suggests that there has been positive selective pressure for the dnaK gene product throughout mycoplasma phylogeny. Since DnaK-cross-reacting material was also found in control A. laidlawii and M. capricolum cells, the 67-to 68-kDa mycoplasma heat shock protein must be synthesized constitutively.
The 26-to 29-kDa mycoplasma heat shock protein could not be detected in control cells but was a significant heat shock protein in A. laidlawii and M. capricolum cells. Hence, the 26-to 29-kDa heat shock protein is not synthesized constitutively at a detectable level and must be induced as part of the mycoplasma heat shock response.
It should be possible to identify other proteins in mycoplasma heat shock systems with immunological methods similar to those used in this study. For example, similar but more-limited blotting experiments have identified two other mycoplasma proteins with homology to eubacterial proteins. Antibody to Chlamydia trachomatis GroEL protein shows strong cross-reactivity against both the 63-kDa E. coli GroEL protein and a 60-kDa protein in A. laidlawii JAl in untreated cells (C. Dascher and J. Maniloff, unpublished data). Also, antibody to the 40-kDa E. coli RecA protein shows weak cross-reactivity against a protein band somewhat smaller than 40 kDa in untreated cells of A. laidlawii JAl and K2, but no cross-reacting protein band is found in untreated M. capricolum cells (C. Dascher and J. Maniloff, unpublished data).
Mycoplasma and E. coli heat shock systems differ in the effect of heat shock on phage yield. An increase in progeny virus production is observed when coliphage are grown on heat-shocked E. coli host cells (36, 38) but not when mycoplasma virus L2 is grown on heat-shocked A. laidlawii host cells. This suggests that A. laidlawii heat shock gene products are not limiting factors in L2 progeny yield.
The relationship between UV repair and heat shock systems was investigated by studying the reactivation of UVirradiated mycoplasma virus L2. The data show that UV irradiation or heat shock of A. laidlawii cells prior to infection by UV-irradiated L2 virus produces an increase in host cell reactivation.
The heat shock response in mycoplasmas resembles that of other organisms (2, 13, 14, 21) . Hence, there must have been selective pressure to retain the heat shock system during the major decreases in genomic complexity involved in mycoplasma evolution. While a number of functions have been suggested for the heat shock response in procaryotes and eucaryotes, the conservation of a heat shock system during mycoplasma phylogeny suggests that the system plays an essential role in cell physiology.
